The timing and extent of snow cover is a major controller of soil temperature and hence winter-time microbial activity and plant diversity in Arctic tundra ecosystems. To understand how snow dynamics shape the bacterial communities, we analyzed the bacterial community composition of windswept and snow-accumulating shrub-dominated tundra heaths of northern Finland using DNA-and RNA-based 16S rRNA gene community fingerprinting (terminal restriction fragment polymorphism) and clone library analysis. Members of the Acidobacteria and Proteobacteria dominated the bacterial communities of both windswept and snow-accumulating habitats with the most abundant phylotypes corresponding to subdivision (SD) 1 and 2 Acidobacteria in both the DNAand RNA-derived community profiles. However, different phylotypes within Acidobacteria were found to dominate at different sampling dates and in the DNA-vs. RNA-based community profiles. The results suggest that different species within SD1 and SD2 Acidobacteria respond to environmental conditions differently and highlight the wide functional diversity of these organisms even within the SD level. The acidic tundra soils dominated by ericoid shrubs appear to select for diverse stress-tolerant Acidobacteria that are able to compete in the nutrient poor, phenolic-rich soils. Overall, these communities seem stable and relatively insensitive to the predicted changes in the winter-time snow cover.
Introduction
Approximately one-third of the global soil C pool is stored in high-latitude ecosystems (Goulden et al., 1998; Loya & Grogan, 2004) . Climate change is predicted to affect Arctic ecosystems most severely leading to significant warming of the soil and subsequently increased microbial activity and CO 2 release from the Arctic tundra (Welker et al., 2000) . Understanding the dynamics of Arctic tundra soil microbial communities and their responses to a changing climate has thus been of a keen interest over the last decade. Decomposition of organic carbon in northern latitudes is limited by the long winter with sub-zero soil temperatures. Nonetheless, microbial activity continues under the snow, although at lower rates, and cumulatively cold season decomposition contributes to a major part of the annual carbon turnover in the Arctic tundra (Welker et al., 2000) . Around and below 0°C, organic matter (OM) decomposition becomes extremely sensitive to temperature, and it has been suggested that the winter-time soil temperature is even more important in nutrient cycling in the tundra than the > 0°C temperatures over the brief growing season (Mikan et al., 2002) . The timing and degree of snow accumulation is a primary controller of soil temperature, plant community structure, and biochemical cycles in the tundra (Coulson et al., 1995; Walker, 2000; Schimel et al., 2004) and is expected to shift with a changing climate (Callaghan et al., 2011a, b; Park et al., 2012) . Under thick snow cover, soil temperatures remain close to 0°C, allowing for microbial activity to continue throughout the winter. Experimental deepening of the snow cover in Arctic tundra has been shown to increase microbial activity and nitrogen mineralization leading to an increased microbial N pool in later winter (Schimel et al., 2004; Buckeridge & Grogan, 2008) . Fluctuation in the winter-time soil temperature through changes in the depth and duration of snow cover may thus be even more important than changes in the summer-time soil temperature in determining the impact of global climate change in tundra ecosystems. Little is still known, however, about the tundra microbial communities and how changing environmental conditions influence their structure and function.
Unlike plant communities, microbial communities may be as diverse in the high-latitude ecosystems as they are in more southern biomes (Neufeld & Mohn, 2005; Chu et al., 2010) . Similarly as in other soil ecosystems (Janssen, 2006) , Acidobacteria and Proteobacteria have been reported to dominate the bacterial communities of arctic (M€ annist€ o et al., 2007; Wallenstein et al., 2007; Chu et al., 2010) and alpine (Lipson & Schmidt, 2004; Zinger et al., 2009 ) tundra soils. Seasonal shifts within the microbial communities have been detected in the alpine tundra (Lipson et al., 2002¸Lipson & Schmidt, 2004 Zinger et al., 2009) and within the active bacterial communities of Arctic tundra (McMahon et al., 2011) . Temperature and freeze-thaw cycles per se seem to have limited influence in the bacterial community composition of Fennoscandian tundra soil (M€ annist€ o et al., 2009) , and seasonal changes may be more linked to the availability of carbon substrates and inorganic nutrients that undergo large seasonal shifts (Buckeridge & Grogan, 2008) . As has been shown for other soil ecosystems (Lauber et al., 2008 , pH is a strong controller of tundra microbial communities in Northern Fennoscandia (M€ annist€ o et al., 2007; Eskelinen et al., 2009; Stark et al., 2012) . Our earlier studies have indicated that the acidic soils above siliceous bedrock are dominated by members of Acidobacteria (M€ annist€ o et al., 2007, 2009) . pH, however, correlates with a number of other environmental factors, including vegetation, fertility, and the quality of soil organic matter (SOM) (Eskelinen et al., 2009; Stark et al., 2012) . Consequently, the microbial community structure and activity may be connected to pH directly or indirectly, for example, through availability of nutrients and carbon substrates. Links between abiotic factors, vegetation, and microbial community structures are still poorly understood.
The topographic complexity of the Fennoscandian tundra environments triggers large variation in snow accumulation. The windswept ridges remain almost snow-free throughout the winter, while sheltered slopes and depressions accumulate a deep snow cover early in the winter. In addition to widely different winter-time soil temperatures, this gives rise to differences in the vegetation, litter quality and quantity, composition of SOM, and soil nutrient availability. To elucidate how these factors shape the bacterial community structures, we compared the total (DNA-based) and active (RNAbased) bacterial community composition and dynamics in windswept and snow-accumulating habitats of the Fennoscandian tundra. We hypothesized that the active bacterial community members would respond differently in sites with deep winter-time snow accumulation and higher nutrient availability compared to the more oligotrophic windswept sites with little snow accumulation. We predicted that members of Acidobacteria would dominate especially in the more oligotrophic windswept soils which undergo larger annual temperature variation and frequent freeze-thaw cycles while more copiotrophic members, for example Betaproteobacteria (Fierer et al., 2007) , would be abundant in the snow-accumulating soils with higher nutrient availability. We expected that the high temperature variation and frequent freeze-thaw cycles in the snow-free soils are linked to fluctuation in the active members of the bacterial community resulting in major community shifts particularly around spring thaw.
Materials and methods

Field sites
The study sites were located in Malla Nature reserve in Kilpisj€ arvi, 20°50′E) . In the area, the mean annual precipitation is 420 mm and the mean annual temperature is À2.6°C (J€ arvinen, 1987) . The treeline is formed by mountain birch (Betula pubescens ssp. czerepanowii) and lies at an altitude of about 600 m above sea level (a.s.l.). Above the treeline, the vegetation is dominated by dwarf shrub-rich Empetrum heaths over acidic soils, or forb-and graminoid-rich Dryas heaths over non-acidic soils. The bedrock at the sampling sites of this study was formed from siliceous rock materials resulting in acidic barren soil where Empetrum-dominated dwarf shrubs heaths prevail. The tundra heaths in this area are exposed to heavy winds which together with the differences in topography dramatically influence snow accumulation. Areas with high snow accumulation (up to ! 1 m) are located in depressions and areas sheltered from the winds, while windswept areas remain essentially snow-free throughout the winter. This difference in snow accumulation influences the winter-time soil temperature ( Fig. 1) and vegetation. All sample plots were dominated by shrub, lichens, and bryophytes. Empetrum nigrum spp. hermaphroditum dominated especially in the windswept heaths, while Vaccinium myrtillus was abundant in the snow-accumulating heaths. Other shrubs, such as Vaccinium vitis-idaea, Vaccinium uliginosum, and Betula nana, were detected in both habitat types. The shrubs at the windswept heaths were lower and vegetation patchy, while the vegetation in the snowaccumulating heaths was denser and taller and the moss layer thicker. Temperature loggers were buried in the three windswept and three snow-accumulating plots to a depth of 3-5 cm with temperature recorded every 4 h over a 2-year period.
Soil sampling
Soil was sampled from above the treeline on the northern slope of Mt. Pikku-Malla fjeld at altitudes ranging from 620 to 650 m. Three plots representing windswept slopes and three plots corresponding to snow-accumulating biotopes were selected based on the snow cover in the spring of 2006. The plots were chosen to ensure that they represent soil with similar pH. All plots were within 200 m from each other and at least 10 m apart. Soil was sampled in June 2006 to compare the bacterial communities of the windswept and snow-accumulating habitats. In 2007, soil was sampled in May (before snow melt), June (shortly after snow melt), and August (late summer) to detect shifts in the active bacterial populations. Due to the thick and icy snow cover in May, we were unable to obtain soil samples from the snow-accumulating sites and only the snow-free soil was sampled.
For composite soil samples, 10 soil cores (diameter 3 cm) were taken from the humus layer (top 5 cm) from each plot at each sampling time. The intact soil cores were stored at ambient temperature (May) or at +4°C for a maximum of 48 h before processing. We have previously found that storage of these soils for even several weeks at +4°C has limited impact on the rRNA profiles (M€ annist€ o et al., 2009) . The composite soil samples were homogenized by hand, and roots and debris were removed. Four subsamples (0.3 g) were taken from each composite sample and stored at À80°C until DNA/RNA extraction.
Soil physico-chemical analyses
The dry matter content of the soil was determined by drying the samples (105°C, 12 h) and OM content analyzed by loss on ignition (475°C, 4 h). Soil pH was measured in 1 : 5 (v/v) soil/water suspensions (Denver Instrument Model 220). Soil extractable C and nitrogen were analyzed from samples obtained in 2007. A subsample of ca. 2 g fresh soil was extracted with 50 mL of 0.5 M K 2 SO 4 , and the NH 4 -N concentration in the extracts was determined by flow injection analysis (FIA 5012; Perstorp) . Total extractable N in the extracts was determined by oxidizing all extractable N to NO À 3 (Williams et al., 1995) and then analyzing it as NO 3 -N by FIA. Soil extractable C was determined on a TOC analyzer (Shimadzu TOC-5000). The results were calculated per soil OM.
DNA and RNA extraction
DNA and RNA were extracted as described earlier (M€ annist€ o et al., 2009) using a modification of the method described by Griffiths et al. (2000) . A total of four replicate DNA/RNA extractions were processed from each six plots. Soil samples were allowed to thaw on ice briefly after which they were rapidly frozen in liquid nitrogen. After this, 0.5 g of glass beads (0.1 mm), 650 lL hexadecyltrimethylammonium bromide (CTAB) extraction buffer, and 650 lL phenol-chloroform-isoamyl alcohol (25 : 24 : 1) (pH 8.0) were added, and the samples were lyzed by vortexing at full speed three times for 90 s. Separation of the phases and precipitation of the nucleic acids were performed as described by Griffiths et al. (2000) . RNA and DNA were digested by DNAase (Promega, Madison, WI) and RNAase (Promega) treatment according to the manufacturer's instructions. All solutions used for RNA extraction were treated with 0.1% diethylpyrocarbonate. RNA and DNA concentrations were measured using Qubit fluorometer and Quant-iT RNA and dsDNA HS assay kits (Invitrogen, Carlsbad, CA), respectively.
cDNA synthesis, PCR, and terminal restriction fragment polymorphism (T-RFLP)
Approximately 100 ng of RNA was reverse transcribed using M-MLV reverse transcriptase (Promega) and 907r reverse primer (Johnson, 1994) according to the manufacturer's instructions. Briefly, the secondary structure within the template was melted by heating the RNA sample and primer at 70°C for 5 min after which the sample was chilled on ice. RT-PCR was performed at 42°C for 60 min as described in the manufacturer's instructions. Partial bacterial 16S rRNA genes were amplified from DNA and reverse transcribed RNA using 6-carboxyfluorescein labeled 27f forward primer and unlabeled 907r reverse primer as previously described (M€ annist€ o et al., 2007) . PCR amplification from crude RNA was processed similarly as a negative control to check for the presence of DNA. All PCR amplification products were checked on 1% agarose gels. After this, PCR amplification products from duplicate samples were pooled, and PCR products were purified using the E.Z.N.A Cycle-pure kit (Omega Bio-Tek, Doraville, GA). Approximately 15 ng of the purified PCR product was digested with restriction enzyme MspI (Fermentas, Burlington, ON), and the DNA was precipitated with 0.7 vol isopropanol and 0.2 M NaCl, and the dried pellet frozen until analysis. T-RFLP profiles were analyzed by the Fragment analysis service of University of Turku using an ABI PRISM 377 automatic sequencer and GeneScan 500 ROX (Applied Biosystems, Foster City, CA) DNA fragment length standard.
Cloning and sequence analysis of clones 16S rRNA gene clone libraries were constructed from DNA and RNA of samples collected from the windswept and snow-accumulating sites in early June 2006. PCR products were amplified using the primers 27f and 907r, and PCR products from the different sites within windswept and snow-accumulating habitats were pooled and purified using the E.Z.N.A Cycle-pure kit. 16S rRNA genes and reverse transcribed 16S rRNA gene were ligated to the pCR4-TOPO vector and transformed into Escherichia coli TOP10 cells using the TOPO TA Cloning Kit for Sequencing (Invitrogen). Putative positive colonies were selected by blue/white screening, and 96-120 colonies were picked from each library for cultivation. Cloned sequences were amplified using primers M13f and M13r. After EXO-SAP purification, the PCR products were sequenced using primer 27f and ABI Big Dye 3.1 kit and an ABI3700 capillary sequencer (Life Technologies). Chimeric sequences were identified using the Uchime algorithm (Edgar et al., 2011) in the MOTHUR software package (version 1.24.0; Schloss et al., 2009) , and remaining sequences were classified by the Ribosomal Database Project classifier using a 80% confidence threshold (RDB release 9; Cole et al., 2007) . Phylogenetic analyses of Acidobacteria were conducted using MEGA version 5 (Tamura et al., 2011) . The 16S rRNA gene sequences and reference sequences obtained from GenBank were aligned using CLUSTALW (Thompson et al., 1994) . Phylogenetic trees were constructed using the maximum-likelihood method based on the Tamura-Nei model (Tamura et al., 2011) and the Bootstrap Test of Phylogeny (1000 replicates).
Statistical analysis
Differences in the DNA-and cDNA-derived T-RFLP profiles of windswept and snow-accumulating plots and soil sampled at different times were compared by cluster analysis and analysis of similarity (ANOSIM) using PRIMER 6 (version 6.1.13). Relative abundances of each T-RFLP peak were used to generate similarity matrices based on Bray -Curtis similarities. Grouping of the DNA-and RNAderived T-RFLP profiles was based on group-average linkage, and one-way ANOSIM was used for pairwise comparison of the DNA-and RNA-derived profiles from different sampling dates and snow-accumulating vs. windswept sites separately. ANOSIM gives an R statistic between À1 and +1 with large positive R indicating dissimilarity between groups (Clarke & Gorley, 2006) . The contribution of each terminal restriction fragment (TRF) to the observed dissimilarities was tested using similarity percentage analysis (SIMPER) (Clarke & Gorley, 2006) .
Accession numbers
The partial 16S rRNA gene sequences were submitted to the EMBL database under accession numbers HE819517-HE819870.
Results
The bacterial communities of wind-exposed and snow-covered tundra heath soils were compared over two spring-summer seasons. In early May, the soil was frozen throughout the sampling sites, at the windswept sites the soil thawed in mid (2006) or late (2007) May, while at the snow-accumulating sites, soil remained frozen until early (2006) or mid (2007) June. The May and June samples thus represent periods immediately before and after spring thaw, which are considered the most dynamic times for soil microbial communities. The winter-time soil temperatures were distinctly different in the windswept and snow-accumulating habitats (Fig. 1) . The wind-exposed sites remained snow-free, and temperatures dropped down to À19°C at 3-5 cm depth, while the average soil temperature at the snow-accumulating sites remained at À1°C throughout the winter (NovemberMay) and never dropped below À4°C. Winter-time snow accumulation and temperature differences were associated with differences in OM content and nitrogen availability. The windswept soils contained a higher OM composition (in the top 5 cm), while the snow-accumulating habitats had higher extractable organic carbon, nitrogen, and NH 4 -N content. Extractable nitrogen and organic carbon content were highest in the May samples and lowest in June (Table 1) .
Comparison of the total and active bacterial communities of snow-accumulating and windswept habitats
The total vs. active bacterial communities were compared from the DNA-and RNA-based 16S rRNA gene T-RFLP profiles using cluster analysis and ANOSIM. TRFs that contributed most to the differences between community profiles were determined using SIMPER (similarity percentage). A total of 124 TRFs present at a relative abundance of at least 1% in at least one of the plots were detected. Of these, 26 were found only in the DNA-based profiles, 28 were found only in the RNA-derived profiles, while 70 were detected in both but often at highly different relative abundance. Inspection of the soil T-RFLP profiles indicated that most major TRF peaks were present in both DNA-and RNA-derived profiles and in the windswept and snow-accumulating soils. These included TRF sizes 88, 91, 148, 150, 263, 303, 485 , and 488 bp (Fig. 2) . Cluster analysis grouped all DNA-derived bacterial community profiles separately from the RNA-derived profiles, indicating that the active community was distinct from the total community (Fig. 3) ANOSIM analysis of the RNA-and DNA-derived community fingerprints indicated significant differences between the communities at snow-accumulating and windswept sites (Table 2) . However, pairwise comparison of the profiles from different sampling dates indicated that season was generally more important in determining differences between the communities than the habitat, with highest R values between samples from early June (2006, RNA) and May (DNA) compared to other sampling dates (Table 3) .
In line with the cluster analysis, ANOSIM indicated that the RNA-based community profile obtained right after spring thaw ( Table 2 ) when TRF sizes 427, 482, and 473 were more abundant in the windswept habitats, while TRF sizes 263, 265, 91, and 150 were more abundant in the snow-accumulating sites. In the late June (2007) samples, windswept communities were distinguished by the relatively higher share of TRF 119 and 85 and lower share of 91, 148, and 150 as compared to the snow-accumulating communities.
Comparison of the DNA-based T-RFLP profiles indicated that the total bacterial community structure of the windswept sites before spring thaw (May) separated most from samples obtained after spring thaw with high R values of ANOSIM analysis (R = 0.939 and 0.886 between May-June 2006 and May-August samples, respectively, P < 0.001). This implies that while the active (RNAbased) population was most distinct after the spring (June 2006) thaw, the total (DNA-based) community was divergent just before spring thaw when the soil was still frozen. Based on SIMPER analysis, shifts in the total bacterial community composition were associated mainly with the higher abundance of TRF size 263 and 434 and lower abundance of TRF sizes 286, 91, and 303 compared to the samples obtained in June or August.
Clone libraries of the DNA-vs. RNA-derived bacterial communities in early summer
To identify the phylotypes corresponding to the T-RFLP profiles, clone libraries were constructed from both DNA and RNA of windswept and snow-accumulating soils sampled in June 2006. A total of 82, 104, 93, and 76 clone sequences were obtained from DNA and RNA samples of windswept sites and DNA and RNA samples from snow-accumulating sites, respectively. Classification of the clones indicated that members of the phylum Acidobacteria dominated both the DNA-and RNA-derived bacterial communities (Fig. 4a ). Acidobacteria were equally abundant in both DNA and RNA pools and accounted for up to 55% of the sequences. Subdivision (SD) 1 Acidobacteria dominated the clone libraries of both windswept and snow-accumulating sites and were prevalent in both DNA-and RNA-derived libraries. In addition to SD1 Acidobacteria, SD2 and SD3 were detected especially among cloned sequences of the windswept habitats (Fig. 4b) . The clone sequences were matched to the TRFs of the soil T-RFLP profiles by in silico digest and/or in vitro T-RFLP analyses. The peak area represented by TRFs identified by a corresponding clone was over 70%, in the DNA-and RNA-based T-RFLP profiles. The most abundant TRF sizes of the DNA-and RNA-based T-RFLP profiles are listed in Table 4 and matched with clone identities of the same TRF size. The three most abundant soil TRF sizes matched exclusively with sequences affiliated with Acidobacteria. TRF size 263 was the most abundant OTU in both DNA-and RNA-based communities, while TRF size 91 was detected especially in DNA (Fig. 2 summer seasons. The TRF 263 SD1 Acidobacteria was abundant in both active and total community profiles and was abundant throughout the sampling dates. TRFs 91 (SD1 Acidobacteria) and 286 (SD2 Acidobacteria) were significantly more abundant in the DNA and more abundant in the late summer sample than in May or early June. TRFs 427 and 482 that were particularly abundant in the RNA profiles of early June (Fig. 2) matched with SD2 Acidobacteria and Betaproteobacteria (Duganella spp.), respectively. Phylogenetic clustering of the Acidobacteria clones indicated a good relationship between T-RFLP and clone analysis (Fig. 5) . SD1 Acidobacteria clones matched two TRF sizes, 91 and 263/265 bp, of which TRF size 263/265 sequences were related to a diverse group representing the known genera Granulicella, Terriglobus, Acidicapsa, Telmatobacter, and Bryocella (Fig. 5) . Clones that matched with TRF size 91 grouped separately from the TRF 263 clones and were most closely related to 'Koribacter versatilis' strain Ellin345. SD2 Acidobacteria clones were more diverse in TRF sizes. However, several clones matching TRF 286, a major peak in DNA-based T-RFLP profiles, were obtained mainly from the DNA pool, whereas sequences corresponding toTRF size 427 bp were detected from both RNA and DNA. Five sequences corresponding to the TRF size 427 were > 99% similar suggesting that they represent the same highly active organisms with high ribosome content. SD2 Acidobacteria contains no described species, both clones related to the TRF 427 and 286 matched most closely with clones from conifer forest or Antarctic soils (accession numbers HQ265034, EF221439, FJ625349, and HQ264446).
Discussion
Snow depth influences the soil microbial activities crucially, as below thick snow cover the soil temperature remains close to 0°C allowing relatively active microbial processes throughout the winter, which in turn contributes to an increase in OM decomposition and N availability in the spring (Schimel et al., 2004; Buckeridge & Grogan, 2008) and further enhances shrub growth (Sturm et al., 2001) . This was detected also in the sub-Arctic tundra of northern Finland, where deep snow cover in the winter was associated with higher winter-time and overall more stable soil temperatures, higher and denser shrub cover, and higher N availability throughout the summer. Despite the apparent differences in temperature, plant cover, nutrient and carbon substrate availability, the bacterial community structure was relatively similar in snowaccumulating and wind-swept habitats. Both habitat types were dominated by T-RFLP markers corresponding mainly to Acidobacteria and Proteobacteria. This was in contrast to alpine tundra soil where significant differences in microbial communities were detected in early and late snow melt locations with low and high snow accumulation, respectively (Zinger et al., 2009) . Unlike in our study, snow accumulation in the alpine tundra was linked to significant differences in plant species and a substantial soil pH difference, which likely contributed to the differences in the microbial community structures. In our study sites, the vegetation was dominated by ericaceous shrubs and similarly acidic soil in both habitat types resulting in relatively similar bacterial communities highly dominated by Acidobacteria.
Acidobacteria-related TRFs contributed to up to 50% of the T-RFLP peak area in both habitats (Fig. 2) . Our previous studies have indicated that Acidobacteria are highly abundant in the acidic organic-rich tundra soils of northern Finland (M€ annist€ o et al., 2007, 2009) and that the Acidobacteria are stable and resilient to freeze-thaw cycles (M€ annist€ o et al., 2009) . TRF size 263 was the most abundant peak in all samples, both in the DNA and RNA pools. This TRF size was affiliated with diverse phyloypes related to the known SD1 Acidobacteria, including the genera Granulicella, Terriglobus, Acidicapsa, Bryocella, and Telmatobacter (Fig. 5) . This group is known to degrade plant-and microorganism-based polysaccharides (Ward et al., 2009; Pankratov & Dedysh, 2010; Eichorst et al., 2011; M€ annist€ o et al., 2011 , 2012 Pankratov et al., 2011; Rawat et al., 2012) , which were likely abundant in both habitats, as plant detritus and carbohydrates have been reported to form a major proportion of tundra SOM (Sj€ ogersten et al., 2003; Weintraub & Schimel, 2003) . Plant polysaccharides were suggested to be the major carbon source during the winter in alpine tundra (Lipson & Schmidt, 2004) . This would be in accordance with the high abundance of the SD1 Acidobacteria marker 263 bp in the total community before spring thaw (May) and suggest their role in degradation of plant polysaccharides during winter. Besides relatively recalcitrant carbon substrates, SD1 and SD2 Acidobacteria are linked to soils with limited N availability (Fierer et al., 2007; Jones et al., 2009; Ramirez et al., 2010 Ramirez et al., , 2012 and reported to respond negatively to nitrogen additions in Arctic tundra of Alaska (Campbell et al., 2010) . A recent study of cellulose degradation in acidic peat suggests that cellulosedegrading SD1 Acidobacteria are adapted to the low nitrogen availability in the peat, while in soils with increased nitrogen availability, Cytophaga-like bacteria outcompeted the slow-growing Acidobacteria (Pankratov et al., 2011) . However, the results of our study are striking in that the Acidobacteria were as abundant in the snow-accumulating habitat, which was considerably more fertile and contained more labile carbon, as in the windswept sites, where vegetation was lower and the soils more nitrogen limited. Thus, the data do not support our prediction that the more oligotrophic windswept tundra heaths would support a higher relative abundance of Acidobacteria, while the more fertile snow-accumulating heaths would accommodate a higher share of Proteobacteria.
The dominance of Acidobacteria in both snowaccumulating and snow-free soils may be linked directly to the similar acidic soils at both locations, as there is a strong negative correlation between pH and the abundance of Acidobacteria in general, and SD1 Acidobacteria in particular (Lauber et al., 2008; Jones et al., 2009; Chu et al., 2010) . On the other hand, shrub tundra soil in Alaska was reported to be dominated by Proteobacteria (Wallenstein et al., 2007; McMahon et al., 2011) although the pH in the Alaskan shrub tundra is in the same range as in our sites (Weintraub & Schimel, 2003) . The shrub tundra in Alaska was dominated by deciduous species such as B. nana and Salix species, which were considered to produce a small but highly labile pool of bioavailable carbon that supports the large abundance of copiotrophic Proteobacteria, whereas our study sites were dominated by members of the Ericaceae, especially Empetrum and Vaccinium species. The dominance of Empetrum in the tundra and boreal forest soils is linked to allelopathic leaf exudates synthesized to prevent the establishment of young plants of other species and the high phenolic content of Empetrum litter which is considered to inhibit below ground biota directly and indirectly by decreasing N availability through binding organic N in proteinphenolic complexes (Northup et al., 1995; Wardle et al., 1998; Tybirk et al., 2000) . The high abundance of SD1 and SD2 Acidobacteria in the humus under Empetrum heaths suggests that they may compete in these soils by mechanisms that either allow them to tolerate the high concentrations of phenolic secondary metabolites in the soil, utilize the complex OM resulting from the phenolicrich litter or utilize the protein-phenolic complexes as nitrogen sources. SD1 Acidobacteria have been detected abundantly also in Sphagnum peat soils (Pankratov et al., 2011) and in decaying lichen (Pankratov, 2012) which contain high concentrations of phenolic metabolites similar to the humus under Empetrum nigrum. Genome analysis of SD1 Acidobacteria from these tundra soils have indicated that they have mechanisms that allow them to cope with various environmental stresses possibly including the high concentrations of allelopathic phenolics. The link between high phenolic concentrations and Acidobacteria, however, needs to be further investigated.
In line with other studies of tundra microbial communities (Lipson & Schmidt, 2004; McMahon et al., 2011) and our hypothesis, there were shifts in the total and active bacterial communities of the windswept soils around spring thaw. Cluster and ANOSIM analysis indicated that the sampling date had a significant influence on the bacterial community structures (Table 3, Fig. 3 ). The active bacterial community was distinct in the soil sampled after spring thaw (June 2006), while the total community of soil samples before spring thaw (May 2007) differed most from all other sampling dates. Moreover, SIMPER analysis indicated that TRF sizes related to Acidobacteria contributed to the differences in the communities (data not shown) indicating dynamics within the Acidobacteria community. Of the TRF sizes associated with SD1 Acidobacteria, the phylotype 263 was especially abundant in the spring while the abundance of TRF size 91 increased toward late summer. Also within SD2 Acidobacteria, different seasonal responses were detected among two T-RFLP phylotypes. While the TRF size 286 was more abundant toward late summer and in the DNAderived community, the TRF size 427 peaked in the RNA pool of early-summer (June 2006) samples. Moreover, TRF size 286 was more abundant in the DNA-based community profile than in RNA-based community profile, which would be in line with the general postulation that Acidobacteria are oligotrophs adapted to low nutrient concentrations by high-affinity substrate uptake systems, low growth rates and with slow population turnover rates (Fierer et al., 2007) . Consequently, the ribosome content of Acidobacteria would likely be low, and these would not respond dynamically to seasonal substrate fluctuations. In contrast, the TRF size 427 bp was associated with SD2 Acidobacteria with an apparently completely different lifestyle. This phylotype was present in the total community of both habitats at low but steady abundance, but was detected transiently at extremely high abundance in the active community right after spring thaw (June 2006) . A similar increase in a betaproteobacterial phylotype (482 bp) in the RNA pool was detected, which agrees with the classification of Betaproteobacteria as copiotrophic organisms (Fierer et al., 2007) that are able to respond dynamically to substrate pulses after, for example, spring thaw. However, a similarly dynamic response of the acidobacterial phylotype is unexpected and indicates high functional diversity and very different lifestyles even within the SD level.
In early June (2006) , the snow-accumulating soils had just thawed and were still close to 0°C, while the windswept soils had thawed ca. 2 weeks earlier. The following year, we sampled the soils later in June to catch the snow-accumulating sites at a similar temperature as the windswept sites in early June 2006. However, we did not detect the SD2 Acidobacteria or Betaproteobacteria phylotypes or any other unique RNA-phylotypes in either snow-accumulating or windswept soils in late June 2007. The abundance of these phylotypes in the RNA was presumably highly transient and possibly linked only to the windswept soils. Spring thaw is presumably a more dynamic event in the windswept sites that are more nutrient deficient, undergo wider temperature changes and more frequent freeze-thaw cycles, which most likely result in a higher cell lysis and release of nutrients from dead microbial cells and lysed plant material. In alpine soils, the release of N during spring thaw has been shown to coincide with high protease activity indicating that the microorganisms are fueled by proteins released by the crash of winter-time microbial biomass (Lipson et al., 1999) . The abundance of Acidobacteria was shown to peak during snowmelt in the alpine soils (Lipson & Schmidt, 2004) , and it was suggested that some of them could be associated with springtime proteolysis (Schmidt et al., 2007) . The drastic increase in the TRF 427-associated SD2 Acidobacteria right after spring thaw associates this phylotype to organisms that are fueled by the nutrient pulses during spring thaw.
In conclusion, this study demonstrated that members of SD1 and SD2 Acidobacteria were highly abundant in the shrub-dominated tundra heaths. Quantification of vegetation changes over the last 26 years in these tundra environments indicated limited changes in the Empetrumdominated low-productivity heaths (Virtanen et al., 2010) , and it was suggested that the shrub-dominated vegetation in these tundra heaths may be minimally influenced by the climate change. Similar to the stress-tolerant vegetation, Acidobacteria communities seem to cope with a variety of snow depths and winter temperatures and may be similarly resistant to effects of global climate change. Dynamics within the Acidobacteria subgroups highlight, however, the fact that this phylum and the different SDs of Acidobacteria contain a wide functional diversity with different lifestyles. This calls for more detailed studies of the various taxa within the Acidobacteria SDs.
